ABSTRACT: A novel method of synthesis of mesoporous, polymer-derived CMK-3 carbon replica was proposed. Instead of a multi-stage, time-consuming and toxic solvent involving procedure, the direct, acid-catalyzed precipitation polycondensation of furfuryl alcohol to poly(furfuryl alcohol) (PFA), as the carbon precursor, in the pore system of SBA-15 silica was used. The optimal PFA/SBA-15 mass ratio resulting in the complete pore filling was found. The final carbon material was obtained by carbonization of the formed composite and subsequent removal of silica by treatment with HF. Low-temperature sorption of nitrogen, powder X-ray diffraction and transmission electron microscopy confirmed the formation of well-ordered, hexagonal carbon mesostructure. The produced CMK-3 exhibited the presence of oxygencontaining surface groups, recognized as mainly carbonyl and carboxyl species by X-ray photoelectron spectroscopy and temperature-programmed desorption. The presence of these * Corresponding author. Tel: +48 12 6632006; Fax: +48 12 6340515. E-mail address: kustrows@chemia.uj.edu.pl (P. Kuśtrowski) 2 groups caused the mesoporous carbon to be catalytically active in the oxidative dehydrogenation of ethylbenzene to styrene.
poly(furfuryl alcohol) (PFA) was recognized as a very promising carbon precursor. The 3-D thermosetting network of PFA exhibits high resistance to loss of carbon atoms under the carbonization conditions hence it transforms to carbon with a high yield and forms a rigid skeleton of carbon replica [4] . In the case of PFA-derived CMK-3 replica synthesis, the SBA-15 hard template was modified with the carbon precursor by the introduction of furfuryl alcohol (FA) into the pore system of silica initially pre-treated with acidic catalyst of polycondensation (e.g. AlCl 3 , oxalic acid). Fuertes et al. [11] [12] [13] synthesized CMK-3 using the deposition of FA by chemical vapor deposition or incipient wetness impregnation on SBA-15 modified with ptoluenesulfonic acid. The CMK-3 synthesis method based on esterification of silanol groups with FA was also shown by Yokoi et al. [6] . In this approach, the outgassed silica template was introduced into the toluene solution of FA and refluxed for 24 h in order to remove produced H 2 O from a water-toluene azeotropic system. The esterification method significantly improved the homogeneity of PFA dispersion on the SBA-15 surface.
The above mentioned methods of formation of carbon/SBA-15 composites based on the FA carbon precursor are multi-stage and time-consuming. In addition, they often involve toxic solvents (for example aromatic hydrocarbons). In this work we describe a new approach to the synthesis of CMK-3 replica based on the FA precursor. Instead of the complicated route of PFA formation, we propose the simple precipitation of PFA formed by the FA polycondensation in water slurry of pristine SBA-15, which resulted in homogeneous distribution of the formed polymer in the channels of silica template. Finally, we obtained the CMK-3 material composed of carbon nanorods surrounded by a carbon shell formed by carbonization of PFA deposited on the outer surface of SBA-15 particles, which can improve the stability of carbon mesostructure.
Experimental

Synthesis of CMK-3 carbon replica
SBA-15 was synthesized according the procedure presented earlier by Michorczyk et al. [14] A molar gel composition: 1.00 tetraethyl orthosilicate (TEOS): 0.02 Pluronic P123: 2.89 HCl:
117.92 H 2 O was used. Briefly, 8 .0 g of Pluronic P123 (EO 20 PO 70 EO 20 , Aldrich) was stirred (1000 rpm) in a mixture containing 60.0 g of distilled water and 120.0 g of 2 M HCl at 35°C until dissolved. Afterwards, 17.0 g of TEOS (99.0%, Aldrich) as a silica source was added dropwise (2 drops/s) to the prepared solution. The mixture was stirred (400 rpm) at 35°C for 20 h and then aged at 90°C for 24 h. The formed precipitate was filtered, washed with distilled water and dried at 60°C overnight. Finally, in order to remove the polymeric template, the material was calcined under air atmosphere at 550°C with a heating rate of 1°C/min and an isothermal period of 10 h.
The obtained SBA-15 sample was used for the synthesis of CMK-3 materials. Poly(furfuryl alcohol) was deposited in the channel system of SBA-15 by the precipitation polycondensation of FA (98%, Aldrich) in an aqueous slurry of silica template containing HCl (33%, Polish Chemical Reagents). The intended PFA/SBA-15 mass ratios of 1.00-2.50 (with a step of 0.25) were adjusted by using an appropriate FA volume. The HCl/FA molar ratio was kept constant at 6:1. An amount of 3.0 g of freshly calcined silica matrix was introduced into a round-bottom flask (250 cm 3 ) equipped with a reflux condenser and placed on a magnetic stirrer. Then, adequate volumes of distilled water and FA were added to obtain a total mixture volume of 100 cm 3 . The slurry was stirred for 0.5 h at room temperature. Subsequently, the proper volume of HCl was added, the mixture was heated up to 100°C and stirred at this temperature for 6 h. The obtained brown solid was filtered, washed with distilled water and dried overnight at room temperature. Subsequently, the PFA/silica composites were carbonized in a tubular furnace under a flow of inert gas (N 2 , 40 cm 3 /min) at 850°C with a heating rate of 1°C/min and an isothermal period of 4 h. Finally, the silica hard template was removed by two times treatment in a 5% hydrofluoric acid solution at room temperature. The CMK-3 carbon was filtered, washed with distilled water and ethyl alcohol (96%, Aldrich) and dried at 40°C overnight. The carbonized samples were labeled as PFAx/SBA-15 (where x is the intended PFA/SiO 2 mass ratio), and the final replicas were marked as CMK-3 (x).
Characterization methods
Nitrogen adsorption-desorption isotherms were collected at -196°C in a home-made fully automated equipment, designed and constructed by the Advanced Materials group (LMA), and commercialized as N2Gsorb-6 (Gas to Materials Technologies). Before the measurements, the samples were outgassed at 250°C for 4 h at a base pressure of 1.3 · 10 -3 Pa. The specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) equation. The pore size distribution of SBA-15 matrix was determined basing on the equilibrium model of non-local density functional theory (NLDFT) [15] dedicated for cylindrical pores of siliceous adsorbents, whereas the equilibrium model of quenched solid density functional theory (QSDFT) [16] was used to determine the pore size distribution of CMK-3 replica. The same models were applied to calculate micro-and mesopore volumes. The analyses were performed in the ASiQwin software (version 1.11) by Quantachrome.
The structure of the obtained samples was examined by X-ray powder diffraction (XRD) using a Bruker D2 Phaser instrument with a LYNXEYE detector. The diffraction patterns were collected using CuKα radiation (λ=1.54184 Å) in a 2θ range of 0.75÷3.00° with a step of 0.02°.
Transmission electron microscopy (TEM) imaging was studied with a JOEL microscope (model JEM-2010) equipped with an INCA Energy TEM 100 analytical system and a SIS MegaView II camera, working at 200 kV. Prior to the experiments, the samples were suspended in ethanol and placed on copper grids with a carbon film support (LASEY).
TG measurements were carried out with a SDT Q600 (TA Instruments) in air atmosphere (a flow rate of 100 cm 3 /min) from 30°C to 1000°C at a heating rate of 20°C/min.
X-ray photoelectron spectroscopy (XPS) measurements were performed with a Prevac photoelectron spectrometer equipped with a hemispherical analyzer VG SCIENTA R3000. The spectra were taken using a monochromatized aluminum source AlKα (E=1486.6 eV). The base pressure in the analytical chamber was 5 · 10 -9 mbar. The binding energy scale was calibrated using the Au 4f 7/2 line of a cleaned gold sample at 84.0 eV. The surface composition of CMK-3 material was studied based on the areas and binding energies of C 1s and O 1s core levels. The spectra were fitted using the CasaXPS software. 
Catalytic tests
The synthesized PFA-derived carbon material was tested as a catalyst in the oxidative dehydrogenation of ethylbenzene (EB) to styrene in the presence of oxygen at the molar ratio 
Results and discussion
Introduction of different amounts of PFA into the channels of SBA-15
The low-temperature nitrogen adsorption isotherms collected for the carbonized PFA/SBA-15 composites in comparison to the isotherm of pristine SBA-15, which is of type IV with a H1 hysteresis loop [9] [10] 18] , are displayed in Fig Taking into account the textural parameters of the PFA/SBA-15 carbonizates, presented in Table 1 , we conclude that deposited PFA influences significantly the textural parameters of a formed composite. The introduction of polymer into the mesochannels is confirmed by a simultaneous decrease in the BET surface area (S BET ) and the mesopore volume (V meso ). On the other hand, regardless of the decrease in mesoporosity with rising PFA content, the volume of micropores (V micro ) of all the studied carbon/silica composites remains constant at 0.14-0.16 cm 3 /g. We attribute this effect to blocking with the SBA-15 pore system (both micro-and mesopores) and a subsequent development of micropore volume formed inside the carbon material as well as between carbon and silica walls during the carbonization step. Shrinkage of PFA-derived carbon deposited in the silica channels after thermal treatment at high temperatures was observed previously by other authors [19] [20] [21] . observed. That suggests a lower effectiveness of deposition of polymer species at a high FA content, which was confirmed by the TG analysis (Fig. 2) . The results of low-temperature adsorption of N 2 and thermal analysis indicated the PFA2.00/SBA-15 composite as the most suitable precursor to obtain structurally ordered and stable carbon replica. Therefore, we selected this material for investigation of structural transformations from the silica precursor to the final CMK-3 carbon replica. The XRD pattern for the SBA-15 support (Fig. 3, A) features three distinct peaks at 2θ angles of 0.98°, 1.67°, and 1.93°, which can be indexed as (1 0 0), (1 1 0), and (2 0 0) reflections of a twodimensional well ordered hexagonal mesostructure (the space group of p6mm) [22] [23] [24] [25] and is considered as the distance between the centers of adjacent pores.
In case of the CMK-3 replica the XRD data (Fig. 3, C) indicate that the hexagonal arrangement of the channels with the space group of p6mm is preserved. The d 100 spacing value for CMK-3 (2.00) is 8.3 nm, while the lattice parameter a is equal to 9.7 nm.
The d 100 spacing value for pristine SBA-15 calcined at the same conditions as the PFA2.00/SBA-15 composite (850°C, 4 h) is equal to 7.4 nm with the value of lattice parameter a of 8.6 nm (Fig. 3, B) . As seen, both parameters are about 1 nm lower compared with the CMK-3 (2.00) replica. It should be therefore concluded that the polymer filled mesochannels of SBA-15 exhibit clearly higher resistance to shrinkage of the structure during the high temperature calcination.
The TEM images displayed in Fig. 4 exhibit large domains of the neat silica matrix (A), the PFA/SBA-15 composites before and after carbonization (B,C) and the resultant replica (D). These micrographs clearly confirm that the structural arrangement characteristic for SBA-15 is preserved in all synthesis steps. It can be seen that SBA-15 has a very uniform distribution of hexagonal channels and CMK-3 is exactly an inverse structure of the pristine SBA-15 matrix.
The carbon nanorods forming the CMK-3 structure are interconnected by spacers, which derived from the carbonaceous species that filled the micropores present within the SBA-15 walls.
Furthermore, we noticed that the formed CMK-3 particles are enveloped by a thin carbon shell originated from carbonized PFA deposited on the outer surface of silica matrix (Fig. 4, D and D' ). 
Textural parameters of CMK-3 (2.00) replica
The nitrogen adsorption-desorption isotherm recorded for the CMK-3 (2.00) replica, shown in Fig. 5 , is of type IV with a well-defined capillary condensation stage at relative pressures p/p 0 between of 0.4 and 0.7, indicating very uniform mesoporosity [26, 27] . The pore size distribution curve calculated basing on the equilibrium QSDFT model reveals two maxima at 0.9 and 3.1 nm.
The bimodal porosity of the synthesized carbon material can be attributed to the presence of mesopores formed between the carbon rods after the removal of silica matrix as well as to micropores generated inside the carbon rods. The presence of such microporosity is typical of carbonized PFA [28, 29] . can be estimated using the geometrical considerations proposed by Kruk et al. [30, 31] (cf. Fig. S1 and Table S1 in Supplementary Data). Assuming that the distance between adjacent carbon rods is equal to the thickness of SBA-15 walls (b d ), the d r value of 8.3 nm for CMK-3 (2.00) can be calculated using the following formula:
where a CMK-3 is a lattice parameter of CMK-3.
We also removed the silica template from the carbonized PFA/SBA-15 composites with incompletely filled pore system (the materials with the intended PFA/SBA-15 mass ratios below 2.00), and the carbon materials with bimodal mesoporosity were obtained. The carbon replica derived from the PFA1.25/SBA-15 composite shows N 2 adsorption isotherm (cf. Fig. S2 in Supplementary Data) with two steps corresponding to capillary condensation in mesopores.
Beside the channels with diameter typical of space between carbon nanorods, wider mesopores exist, which can be assigned to carbon nanotubes like in a CMK-5 replica.
Surface composition of CMK-3 (2.00) replica
TPD and XPS measurements were carried out in order to determine the amount and type of oxygen-containing groups present on the fresh CMK-3 (2.00) surface.
The desorption profiles of CO and CO 2 measured within the temperature range of 25-1000°C are shown in Fig. 6 , whereas Table 2 includes the total concentration of oxygen-containing surface groups, which decompose forming CO and CO 2 . It is assumed that the type of evolved gaseous products and the peak temperatures evidence the presence of specific surface functionalities [32] . However, the intense CO 2 evolution observed with the maximal rate at 590°C reveals that a majority of COO -species exists in the form of carboxylic anhydrides and lactones. On the other hand, two distinct maxima observed in the CO-TPD profile at about 650°C and 820°C
correspond to decomposition of phenols, ethers, and carbonyl groups [17, 31] . Generally, it should be underscored that the surface of CMK-3 (2.00) material contains very stable functional groups.
It suggests that this replica can be used even in high-temperature applications (e.g. in catalysis). From the TPD experiments the total amounts of functional groups distributed on the whole surface (external and internal) were determined. Nevertheless, the content of these species on the external surface, which is the most accessible for the molecules from the gas phase, is interesting from the catalytic point of view. Therefore, the XPS measurement was performed for information on the elemental composition of the outermost few atomic layers of replica external surface.
The O 1s and C 1s spectra of CMK-3 (2.00) are illustrated in Fig. S3 (Supplementary Data) , and the contribution of particular O-and C-containing species is summarized in Table 3. The O 1s core level spectrum was fitted with four peaks, indicating the presence of: (i) carbonyl groups (C=O) with binding energy of 530.8 eV, (ii) hydroxyl groups (C-OH) and oxygen atoms doubly bonded to carbon atoms in carboxyl groups (COOH) with binding energy of 533.0 eV, (iii) oxygen atoms single bonded to carbon atoms in carboxyl groups (COOH) with binding energy of 534.4 eV and (iv) adsorbed water (536.6 eV) [34, 35] . The presence of these groups was also confirmed by the C 1s core level spectrum, which was deconvoluted into four individual peaks.
The predominant, asymmetric peak with an exponential tail, centered at 284.3 eV, was attributed to carbon atoms in graphitic and disordered carbon species (C=C sp 2 and C-C sp 3 ). The shape of this peak is typical for carbonaceous materials with graphite-like structure [36] . The additional, symmetrical peaks centered at 286.3 eV, 287.4 eV and 288.4 eV were assigned to C-OH, C=O
and COOH groups, respectively [34, 35, 37] . The polyaromatic character of carbon replica was furthermore confirmed by the presence of signal above 290.0 eV. This peak corresponds to shakeup satellite due to π-π * transitions in aromatic rings [34, 36] .
The CO/CO 2 molar ratio determined by XPS is significantly higher than that measured in TPD. It suggests that the concentration of carbonyl functionalities in relation to carboxyl groups is higher on the external surface of CMK-3 than on the internal one. The appearance of oxygen-containing groups on the surface of carbonized sample should be connected with the mechanism of decomposition of PFA supported on mesoporous silica and reoxidation of PFA-derived carbonizate. It has been shown that SiO 2 -deposited PFA undergoes structural transformation including some steps such as: opening the furan ring with the formation of γ-diketone moieties and subsequent deeper carbonization resulting in the appearance of higher condensed polyunsaturated graphite-like species containing oxygen groups [29, 38] . A part of these functionalities can be stable under carbonization conditions (850ºC, 4 h). However, a majority of oxygen-containing groups appear during the exposure of the freshly carbonized sample to air.
Catalytic activity of CMK-3 (2.00) replica in oxidative dehydrogenation of ethylbenzene
Following the earlier reports, carbon materials have been considered to be active catalysts for the oxidative dehydrogenation (ODH) of ethylbenzene [3, 32, 39, 40] ,
which is a promising alternative for the commercial method of styrene production. Activated carbons were extensively studied as the ODH catalysts [41] [42] [43] . Moreover, carbon nanomaterials (for instance: carbon nanofibers (CNFs), carbon nanotubes (CNTs), and onion-like carbons (OLCs)) were also tested in this role [44] [45] [46] [47] [48] . Use of carbon catalysts was proposed after discovery of so called 'active coke' mechanism of ODH [49, 50] . It was described that the formation of 'active coke' containing carbonyl/quinone groups on the surface of acidic materials (e.g. zeolites, alumina) in the initial period of the reaction resulted in an increase in their catalytic activity.
The mesoporous CMK-3 (2.00) carbon replica synthesized using the PFA precursor seems an ideal ODH catalyst candidate. Its high surface area, size of mesopores as well as oxygen surface functionalities provide a high number of active sites, which are well accessible to the reactants -EB and O 2 . The catalytic activity of the synthesized material in the process performed at an ethylbenzene/O 2 molar ratio of 1:1 has been studied. Styrene was the main reaction product within the studied temperature range, and only small amounts of CO x , benzene and coke were formed as by-products. The EB conversion and yield of styrene vs. time-on-stream observed at different temperatures are shown in Supplementary Data (Fig. S4) . It was found that the values of these parameters increase significantly with rising reaction temperature. It is especially noteworthy that no evident diffusion limitations were observed within the studied temperature range, which could be caused by carbon shell deposited on the outer surface. On the other hand, slight changes in catalytic activity of the studied sample are observed with time-on-stream.
Obviously, the reaction system needs about 3÷5 h to achieve steady state. This effect, manifested by a decrease in the EB conversion and styrene yield, is opposite to the observations made for other acidic catalysts, which showed a gradual activation with time-on-stream attributed to the formation of active quinone sites [49, 50] .
After the initial reaction period, the catalytic activity of CMK-3 (2.00) is very stable. Table 4 presents the EB conversion, and yield/selectivity of products measured over this catalyst after 6 h time-on-stream. It is especially noteworthy that the studied replica is significantly more selective for styrene formation compared with the sucrose-derived replica, which was previously investigated by Su et. al. [51] . Nevertheless, it should be kept in mind that Su et. al. [51] used a higher content of oxidant, obtaining greater oxidation of EB to CO x . Comparison of activity of the CMK-3 (2.00) replica with the catalysts tested previously under different reaction conditions is possible by calculation of a parameter:
where: X EB -conversion of EB expressed in molar fraction, F EB,0 -molar flow rate of EB in the inlet stream, W -initial catalyst mass. At 350ºC the a value of 1.35 was achieved over CMK-3 (2.00). This value is only slightly lower than that measured for non-treated activated carbon (1.47) [41] , and significantly higher compared with carbon nanotubes (0.80-1.12) [48] .
The mesostructure of the synthesized replica is stable under the reaction conditions, as is confirmed by the isotherms of low-temperature N 2 adsorption collected for the samples after the catalytic runs (Fig. S5) . Nevertheless, after 6 h of catalytic test a considerable amount of carbonaceous deposit was formed on the CMK-3 surface. The coking yield depended strongly on the reaction temperature (cf. Table 4 ). The coke content increased in the spent catalysts tested up to 450ºC. When the catalytic run was performed at 500ºC the rate of coke gasification surpassed the rate of coke deposition and ΔW was relatively lower. Taking into account the textural parameters determined from low-temperature adsorption of N 2 (Table S2 in Supplementary Data), it can be noticed that carbonaceous deposit blocked partially the channels in CMK-3. At low reaction temperatures micropores were clogged, whereas rising temperature to 400ºC resulted also in plugging some mesopores. Table 3 exhibits the changes in the composition of CMK-3 surface after the ODH process measured by XPS spectroscopy. It is especially noteworthy that during the catalytic performance in the presence of oxidizing agent at elevated temperatures, additional oxygen-containing functionalities appeared on the catalyst surface. Even after the catalytic run at the highest temperature the spent catalyst showed higher concentration of hydroquinone and quinine groups compared with the fresh sample. This observation can be evidence of catalytically active role of these species in the styrene production. 
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Conclusion
A novel method of synthesis of CMK-3 carbon replica was developed. The carbon precursor, poly(furfuryl alcohol), was introduced into the SBA-15 silica template by the acid-catalyzed precipitation polycondensation technique. By adjusting a suitable mass ratio of monomer/SiO 2 in an aqueous slurry, the complete filling of the mesopore system was achieved. After hightemperature carbonization and removal of inorganic part of synthesized C/SBA-15 composite, the stable and well-ordered CMK-3 carbon replica was obtained. On account of the presence of oxygen-containing functional groups on the expanded carbon surface and its well-accessible pore system, the prepared material is an active catalyst for oxidative dehydrogenation of ethylbenzene to styrene.
